In soils, N 2 O is produced mainly by nitrification and denitrification. These the reported data and the N 2 O losses during the winter ranged from 0% to 93% (Table   16 1). These results indicate a high concentration of N 2 O emissions during the winter 17 period and uncertainty of N 2 O emissions.
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It has been assumed that N 2 O would be produced in an unfrozen soil layer The source of ammonium (NH 4 + ), which is the base of nitrification, may be soil 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 the top of the chamber was measured for four replicates to calculate gas flux. A 2 500-mL gas sample was taken using a 50 mL syringe and injected into a 500 mL air space (ca. 2 mL) at the bottom of the pipe. The stick was removed after installation.
20
A three-way cock was connected to the aboveground part of an installed pipe using a 21 vinyl tube (100 mm), a straight connector and a silicone tube (50 mm); 50 mL air was 22 drained from inside the pipe through the cock just after the installation. The pipe was 23 left in the place throughout the freezing and thawing periods, and the cock was closed 24 and covered using a PET cap to avoid freezing the cock from snow and ice exposure. A 25 50 mL soil gas sample was collected from each pipe. The gas samples were collected 26 slowly to prevent contamination by gas from non-target depths. However, the volumes 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 weeks, even though air temperature rose above 0 °C (Fig. 2a) . We defined these two 15 weeks as the 'transition' period while the periods before and after were defined as the as the 'unfreezing' period.
19
The maximum snow depth during the whole period was 250 mm ( was getting deeper after soil freezing started (Fig. 2e) during the unfreezing and freezing periods at all sites and were higher at C 2 than at the 14 other sites (Fig. 2b) , but the emissions were lower during the freezing period than 15 during the thawing period.
16
During the study period, NO emissions at all sites showed a similar temporal 17 variation: low NO emissions were observed at the beginning of the transition period 18 and higher NO emissions were observed during the latter part of the transition and
19
thawing periods (Fig. 2c) . NO emissions were also observed at all sites during the 20 unfreezing and freezing periods as well as during the thawing period (Fig. 2c ).
21
However, while NO emissions were observed during the whole observation period, the 22 emission level was much lower than N 2 O (Fig. 2b, c) . values during the thawing period (Fig. 2d) . The values were distributed from 2.0 to 25 13.6 except at C 2 during the unfreezing period. The highest value at C 2 during the (Fig. 2b,   4 d). At G 2n and G 3 , there was no apparent pattern due to a few samples and negative
5
N 2 O emissions. concentrations also increased in the unfrozen soil layers below the frozen layers at C 2 ,
14
CG, G 2s and G 2n , but, the concentrations in the unfrozen soils were lower than those in 15 the frozen soils (Fig. 2e) . At G 2c and G 3 , the N 2 O concentration in the unfrozen soil 16 layers just below the frozen soil layers and at the edge of the frozen soil layers was 17 lower than that of the atmosphere (i.e., approximately 0.3 ppmv).
18
After the start of soil thawing, N 2 O concentrations in the thawed and unfrozen
19
layers decreased at C 2 , CG, G 2s and G 2n . At G 2c and G 3 , the N 2 O concentrations 20 increased to and above the level in the atmosphere (Fig. 2e) . period for all sites (Fig. 3) ; however, the data couldn't be statistically compared with 3 the other data. The value at the end of the thawing period (p = 0.004) was significantly 4 higher than before freezing at C 2 , while there was not a significant difference in the 5 values at the other sites (Fig. 3) higher than those before the freezing period ( Fig. 3 ; the p values were 0.0005, 0.0384, 
18
The soil DOC concentrations measured at the beginning of the thawing period 19 were higher than those measured during the unfreezing period and at the end of the 20 thawing period for all sites (Fig. 3) show any relationship. 
13
Nitrate, which is a substrate of the denitrification, was supplied from slurry and 14 manure, because application rates of slurry + manure N (Table 3) in the surface soils just after thawing than before freezing (Fig. 3) were observed during the thawing period after disappearance of the frozen soil lid (Fig.   11 2). However, the denitrification activity was much lower and N 2 O/(N 2 O+N 2 ) was much 12 higher at those sites compared with other sites (Table 4) . From these results, it is (Fig. 2) , 23 the low gas diffusion coefficient (Table 2) , the high denitrification activity and the low 24 N 2 O/(N 2 O+N 2 ) (Table 4) at G 2 were similar to the values at G 3 . At G 2n , low N 2 O 25 emissions as well as N 2 O uptake were observed during the thawing period (Fig. 2b) .
26
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